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Abstract 
Portable water-filled barriers (PWFB) are 
roadside structures used to enhance safety at 
roadside work-zones. Ideally, a PWFB system 
is expected to protect persons and objects 
behind it and redirect the errant vehicle. The 
performance criteria of a road safety barrier 
system are (i) redirection of the vehicle after 
impact and (ii) lateral deflection within 
allowable limits. Since its inception, the PWFB 
has received criticism due to its 
underperformance compared to the heavier 
portable concrete barrier. A new generation 
composite high energy absorbing road safety 
barrier was recently developed by the authors. 
This PWFB consists of a hollow medium 
density polyethylene shell incorporating water, 
steel and foam.  Finite Element (FE) models of 
the PWFB and a PWFB system were developed 
and validated using full scale experimental 
testing. Extensive parametric studies were then 
carried out to develop design guidance. The 
work presented in this paper is a part of the 
overall research project on the new generation 
portable water filled road safety barriers. It 
investigates the modelling features of a joint 
mechanism that will facilitate vehicle re-
direction and restrict lateral deflection of the 
barrier system under vehicular impacts. An 
actual vehicle model is used in the study on the 
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impact response of the barrier system. The new 
knowledge gained in this research will aid in 
the design of the new generation roadside 
structure that will contribute to roadside safety.   
Keywords  
 
Redirection, Road Barriers, Impact, Plastic 
Barriers, Lateral Deflection, Safety. 
1. INTRODUCTION 
Portable water-filled road barriers (PWFB) are 
roadside structures designed to temporarily 
enhance the safety in roadside construction 
zones. These types of barriers are meant to 
protect the people and objects from errant 
vehicle encroaching into the work areas.  
There are several kinds of temporary roadside 
barriers. The flexible, water-filled road barriers 
consist of a hollow Medium Density 
Polyethylene (MDPE) shell, usually with 
bright colors. The application of these barriers 
is preferred over other temporary roadside 
structures, as they are relatively light (when 
empty), cheap and easy to assemble. 
Unfortunately, the large lateral displacement 
synonymous to PWFBs makes them 
unattractive compared to their counterparts 
such as portable concrete barriers. Recently,  
steel reinforcement was integrated into the 
PWFB as per specification by the Federal 
Highway Administration (FHWA) to further 
improve its structural integrity [1].  
The application of flexible, water-filled road 
safety barriers are subjected to the jurisdiction of 
the governing road and traffic authorities. The 
main regulation is the Manual of Assessing 
Safety Hardware (MASH) [2] which superseded 
the NCHRP Report 350 [3] in 2010. Furthermore, 
the EN1317 [4] standard governs the safety 
regulations in Europe. The European code 
contains the exit-box concept which entails that 
the PWFB must redirect a vehicle to pass the test. 
In Australia, the AS/NZS 3845 [5] provides a set 
of regulations based on the defunct NCHRP 350 
standards. Furthermore, due to the 
unpredictability of these barriers at high speeds, 
their application has been limited to construction 
zones with speeds lower than 50kmh
-1
. The 
AS/NZS Standard 3845 is expected to be revised 
to incorporate the new MASH and EN1317 
standards.  
The changes in the standards therefore presented 
the possibility that currently approved PWFs may 
not satisfy the new requirement set in MASH. 
This provide the motivation to  research and 
develop a new generation of PWFB capable of 
redirecting vehicles at high speeds in accordance 
to European, American and Australian standards.  
Actual field tests of PWFBs require significant 
amount of investment [6]. Hence, researchers 
and developers opt for numerical simulations 
for analysis during the design and development 
phase prior to actual testing of road barrier 
prototypes. The joint mechanism requires 
certain amount of rotational or angular freedom 
in order for the barrier to curve, yet the barrier 
system needs to have some rotational rigidity 
to sustain the moments applied through 
impacts. Based on the current designs, the 
existing gaps between the barriers allows them 
to have 2º to 6º angular rotation [7-9]. There is 
no literature regarding the appropriate or 
permissible angle and force under high speed 
impacts.      
This paper uses the previously developed new 
generation PWFB [10] with enhanced impact 
energy absorption capacity to investigate its 
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ability to satisfy the current regulations with 
respect to re-directing errant vehicles as well as 
restricting the lateral displacement. It evaluates 
and describes the features at the joints which 
would enable this PWFB to meet these 
requirements during impacts with vehicles at 
high speeds. A comprehensive FE model of the 
composite PWFB system was developed and 
validated using the results from full scale 
experimental testing. The model was later 
extended to form a road safety barrier system 
to replicate standardized PWFB tests. From the 
observations, key parameters that predict 
vehicle re-directionality are identified. Then, 
the minimum threshold rotational moment over 
a range of allowable angles is determined. 
Once the appropriate joint stiffness is attained, 
researchers can probe the minimum bending 
moment required to be mobilised at the joints  
for different angles of rotation. This 
information is important to enable design 
engineers to determine the allowable angular 
rotation in PWFBs.  
2. EXPERIMENTAL PHASE 
Prior to any detailed analysis, the numerical 
model has to be validated against existing 
experimental data. An extensive program of 
experimental research on impact response of 
PWFB under different parameters was conducted. 
 
Figure 1: Pneumatic Horizontal Impact Rig 
 A novel horizontal impact test rig, as shown in 
Figure 1, was commissioned at the Queensland 
University of Technology (QUT) in 2013. The 
pneumatic machine is capable of propelling a 
300kg carriage across 500mm via guided rails at 
moderate speeds. The carriage, highlighted in a 
dashed rectangular box, is the moveable part in 
the rig which impacts the PWFB. The carriage 
houses additional mass and the modular impact 
head. Furthermore, the machine is equipped with 
several sensors to capture the kinematic data of 
the impact. PWFB was impacted by the machine 
at a variety of impact speeds. Moreover, other 
parameters such as impact angles, carriage mass 
and head are interchangeable to make it a highly 
modular impact testing machine. The parameters 
of impact in the test are tabulated in Table 1. 
Table 1: Details of conducted test 
Test # Angle 
Speeds  
ms
-1 
Water 
Level, 
kg 
N-1 55° 4.099 0 
N-2 55° 3.628 180 
3. NUMERICAL ANALYSIS  
3.1 FE Model Development 
A unit of a PWFB consists of two parts; the 
central section is the main body which is 
impacted by the vehicle. This part consists of a 
hollow Medium Density Polyethylene (MDPE) 
shell and houses water as ballast as well as 
additional crash energy attenuators. The joint 
mechanism is another part of the PWFB. It 
functions to connect adjacent barriers together to 
create a crash attenuation system.  
The search for new generation high energy 
absorbing PWFB has lead to the proposed setup 
of combining steel reinforcement alongside 
polymeric foam [11, 12]. This composite setup 
has shown great crash mitigation attributes in 
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motorsports. Furthermore, earlier research 
showed the potential to increase crash energy 
absorption of PWFB [10] through the use of 
foam. 
The materials inside a PWFB consist of fluid and 
solid materials. Aside from complex composite 
action, fluid-structure interaction was 
incorporated to attain seamless transition between 
water and the MDPE shell.  The equation of state 
of water based on Steinberg properties [13] was 
integrated into the Coupled Spherical Particle 
Hydrodynamics SPH/FE technique applied for 
fluid-structure interaction [11, 14].    
Each unit of modified road barrier consist of a 
MDPE shell, additional crash attenuators and 
water as ballast. The material properties were 
extracted from prior studies [11, 12, 15, 16] and 
are summarized in Table 1.  
Table 2: Material properties of PWFB component 
Material Density 
Young’s 
Modulus 
Poisson 
Ratio 
Unit kg/m
3
 GPa MPa 
MDPE 948 0.312 0.40 
Steel 7850 210 0.30 
Polymeric 
foam 
350 20 - 
Water 1000 - - 
The experimental setup was replicated and 
executed in numerical simulations. Output 
recorded from the sensors such as the peak 
impact velocity was input into the numerical 
simulations for validation. As a result, the 
displacement-over-time relationships were 
plotted and corroborated against results from the 
corresponding experiments.  
In Figure 2 Barrier A is the barrier impacted by 
the impact head, while Barrier B is the barrier 
adjacent to Barrier A upstream of the impact. The 
lateral displacements of both barriers were 
recorded for the given impact speeds. The lateral 
displacement-over-time relationships obtained 
from the numerical analysis and the experiments 
were compared and showed good agreement as 
reported in previous papers [17], and thereby 
validated the modelling techniques used in this 
research. 
 
Figure 2: Barrier A and Barrier B in simulations 
3.2 Joint Section 
The weakest part of the barriers is often the joint. 
This is where the barrier system is susceptible to 
disconnection, entanglement and breakage during 
impact. Based on previous studies [17, 18], the 
use of revolute joint mechanism was found to be 
suitable for FE modelling  of the joint 
mechanism. Preliminary studies demonstrated the 
influence of the rotational stiffness of the joint to 
provide successful vehicle redirection. From that 
study, the optimal rotational stiffness of 3000 kN-
m/radians was identified as the minimum value 
of this stiffness.  
4. RESULTS 
4.1 Numerical-Experimental Correlation 
The experimental tests that were conducted 
produced a set of data that can be replicated by 
FE numerical simulations. Figure 3 presents 
some of the simulation results along with the 
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corresponding experimental results, in order to 
explore the suitability of the simple rigid revolute 
joint mechanism, instead of the detailed FE 
modelling of the joint.  As evident from Figure 3, 
there is good correlation between experimental 
and numerical results. The vehicle model was 
used by courtesy of the National Crash Analysis 
Center (NCAC) [19, 20].   
 
Figure 3: Test N-1 result of joint mechanism 
modelling with explicit and revolute joints 
method. 
Overall the revolute joint mechanism is a 
practical approach to a joint mechanism in 
modelling the connections between PWFBs. This 
in turn enables the FE model to be expanded to a 
longer array and impacted by a full scale vehicle 
model.  The numerical simulations were 
conducted in accordance with the MASH TL-3 
test requirement.  
4.2 Vehicle-PWFB Impact  
For a road barrier system to impart redirective 
capability, the joint mechanism must exhibit 
certain rotational stiffness. With rigid properties 
assigned to the main body of the PWFB system, 
the generated FE model was tested for different 
rotational stiffness parameters at the joints. 
Figure 4 depicts the sequence of events in the 
response of the barrier system impacted by the 
vehicle at 100kmh
-1
 at 25 degrees impact angle.  
 
Figure 4: Impact of vehicle-PWFB system at 100 
km/h
 
The gap between adjacent barriers was assigned 
100mm. Without the inclusion of the rotational 
stiffness, the vehicle was captured by the PWFB. 
Moreover, at low rotational stiffness, the vehicle 
exhibited higher re-entry angle than the initial 
impact angle, which indicated that the stiffness at 
the joints was insufficient to redirect the vehicle. 
Rotational stiffness allowed the vehicle to be 
redirected and the displacement distance 
controlled. Furthermore, the rotational stiffness 
increased the required force to rotate the joint 
mechanism.  
As the rotational stiffness was incrementally 
increased, the redirection of the vehicle was more 
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apparent. With the minimum threshold value of 
3000kN-m/radians, the maximum angle of 
rotation was reduced. The peak allowable 
maximum angle for proper redirection can thus 
be determined. The maximum angles of rotation 
for the corresponding stiffness levels are 
presented in Table 3.    
Table 3:  Effect of rotational stiffness on barrier 
performance  
Stiffness 
(kNm/rads) 
Lateral 
Displacement 
(m) 
Θ 
maximum 
angle of 
rotation 
0 >2.70 18.6 
500 2.67 10.5 
900 2.30 6.49 
1500 1.90 4.54 
2800 1.43 3.00 
4500 1.06 2.32 
It can be seen in Table 3 that the optimal angle 
for vehicle redirection with allowable lateral 
displacement (less than or equal to 3m) lies 
between 1º to 3º. The joint mechanism has to be 
adjusted to attain this limit of rotational angle.  
Meanwhile, the 300kg/m water level assigned in 
the model enabled the peak lateral displacement 
to be reduced. An increase in water level will 
further reduce the amount of lateral displacement. 
The absorption of the impact energy by the water 
in the barrier is mainly through inertial 
displacement rather than through sloshing [14].  
4.3 Governing Factors for Redirection 
There are several factors that contribute to the 
post-impact response of vehicle redirection in a 
flexible, water-filled road barrier system. Impact 
parameters such as length of the PWFB system, 
location of impact, water fill level, and friction 
between the barrier and asphalt contribute to the 
response after impact. On the other hand, the 
types of vehicle, mass of the vehicle, impact 
angle, impact speed and external-features on the 
vehicle are external factors that contribute the 
response of vehicle-PWFB impact.  
 
Based on the outcome of the simulations, the 
single parameter in the proposed composite 
PWFB system that can be adjusted to obtain the 
desired response is the rotational stiffness at the 
joints. A threshold value of 3000 kN-m/radians at 
the joints encourages vehicle redirection at high 
speeds. However, this conceptual value is purely 
academic, at this stage. It is up the designers to 
replicate the conceptual stiffness into actual joints 
in the PWFB.  
 
Furthermore, the peak lateral displacement of the 
PWFB depends on the length of the system as 
well as the water-fill level in each unit of barrier. 
Lower PWFB displacement can be obtained 
when longer longitudinal length of PWFB is 
used, along with higher water fill levels.    
5. DISCUSSION AND CONCLUSION 
5.1 Lateral Displacement of PWFB System 
The dynamic lateral displacement of the barrier is 
a concern to many in the industry. PWFB has the 
tendency to laterally displace across larger 
distances than other road safety barriers, in order 
to be re-directive. Many roadside construction 
zones have limited ‘buffer’ space between work 
zone and passing traffic. On top of that, the 
Australian Standard AS1742 Part 3 [21] requires 
a ‘containment fence’ be placed along the 
boundary of the dynamic displacement in a work 
zone barrier. This emphasizes the need for the 
barrier to have minimal lateral displacement 
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whilst maintaining the re-directive 
characteristics.  
Based on the results from extensive computer 
simulations, it was seen that the discontinuity and 
the rotation at the joint between any two barriers 
had a significant influence on both the redirection 
capability and the lateral displacement of the 
barrier system.   
Furthermore, the mass of water per barrier can 
also be increased from 300kg/m to 360kg/m for 
added inertial mass to resist the lateral translation 
of the barriers. This, however, comes at the price 
of additional water per barrier in the system. For 
improved and accurate numerical simulations 
which include fluid-structure interaction, coupled 
SPH/FE could be invoked to model PWFB 
involving fluid in the numerical model [11, 22] as 
mentioned in the model validation. 
5.2 Optimal Rotational Stiffness of Joints in 
PWFB 
Rotational stiffness is the ability of an object to 
resist (rotational) deformation due to an applied 
rotational force relative to its axis of revolution. 
It can be defined by Equation (1),  
 
 
(1) 
Where M is applied moment typically in N-m and 
θ is the rotational angle of the joint in radians.  
A value of k = 3000kN-m/radians was identified 
as the optimal rotational stiffness of a joint in a 
PWFB system to obtain acceptable redirection of 
vehicles. Then, a relationship between the 
allowable angle of rotation in a PWFB and the 
minimum moment for redirection of vehicle can 
be derived and plotted as shown in Figure 5.  
Figure 5 shows the minimum required moment 
capacity at the joints to ensure the redirection of 
the vehicle after impact for a given allowable 
angle of rotation of the PWFB system. Any 
moment that is above the diagonal line would 
satisfy the redirection requirement with 
acceptable lateral displacement of the PWFB 
system. On the other hand, for joints that exhibit 
moments lower than those on the diagonal line, 
the vehicle is at risk of redirecting incorrectly. 
Furthermore, the vehicle is susceptible to 
pocketing, capturing or snagging after impact 
when moment at the joints is lower than the 
recommended values of the line. 
 
Figure 5: Moment at Joints over the angle of 
rotation for joint stiffness 3000kNm/radians 
With the vehicle re-direction in place, the PWFB 
system needs further fine tuning with respect to 
the joint stiffness and/or the water fill level to 
restrict lateral displacement within allowable 
limits. It is more likely to achieve vehicle 
redirection under small angles of rotation within 
the PWFB system rather than at larger angles. It 
is seen that as the angle of rotation increases, the 
minimum moment that the joint must achieve is 
also increased. 
Road barrier designers can use this information to 
determine the allowable gap in road barriers 
which will satisfy the redirectional criteria and 
lateral displacement requirement of a PWFB 
system.  Furthermore, researchers can focus on 
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designing the appropriate joining mechanism on 
the barriers with an optimal joint stiffness 
5.3 Conclusion 
This paper used a new generation composite 
PWFB system that was previously developed by 
the authors to investigate its performance at high 
speed vehicular impacts. The rotational stiffness 
at the joints between barriers and the water fill 
level can be adjusted to obtain vehicle redirection 
with permissible lateral displacements. Research 
is yet in progress to obtain conclusive 
information.  The important findings of this study 
are summarised below: 
 Rotational stiffness affects the minimum 
allowable angle at the joint mechanism.  
 Larger gaps between adjacent barriers will 
mean the barriers are less likely to redirect 
at high speeds.  
 It is more likely to achieve vehicle 
redirection at lower allowable angles 
rather than at higher angles.   
 An angle of 1º to 3º would permit the 
barrier to curve and allow for vehicle 
redirection. 
 Acceptable lateral displacement and 
vehicle re-direction can be achieved by 
fine-tuning between joint rotational 
stiffness and water fill level. 
Information from this paper will assist road 
barrier designers in designing new generation of 
PWFB systems. This would increase the level of 
safety on the roadways and hopefully save lives.  
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